With rising demands on water supplies necessitating water reuse, wastewater treatment plant (WWTP) effluent is often used to irrigate agricultural lands. Emerging contaminants, like pharmaceuticals and personal care products (PPCPs), are frequently found in effluent due to limited removal during WWTP processes. Concern has arisen about the environmental fate of PPCPs, especially regarding plant uptake. The aim of this study was to analyze uptake of sulfamethoxazole, trimethoprim, ofloxacin, and carbamazepine in wheat (Triticum aestivum L.) plants that were spray-irrigated with WWTP effluent. Wheat was collected before and during harvest, and plants were divided into grain and straw. Subsamples were rinsed with methanol to remove compounds adhering to surfaces. All plant tissues underwent liquid-solid extraction, solid-phase extraction cleanup, and liquid chromatography-tandem mass spectrometry analysis. Residues of each compound were present on most plant surfaces. Ofloxacin was found throughout the plant, with higher concentrations in the straw (10.2 ± 7.05 ng g −1 ) and lower concentrations in the grain (2.28 ± 0.89 ng g −1 ). Trimethoprim was found only on grain or straw surfaces, whereas carbamazepine and sulfamethoxazole were concentrated within the grain (1.88 ± 2.11 and 0.64 ± 0.37 ng g −1 , respectively). These findings demonstrate that PPCPs can be taken up into wheat plants and adhere to plant surfaces when WWTP effluent is spray-irrigated. The presence of PPCPs within and on the surfaces of plants used as food sources raises the question of potential health risks for humans and animals.
A s demands on water supplies have steadily increased worldwide, the necessity for water reuse has risen dramatically over the last decade (Bennett, 2000) . Regions with limited water resources often reuse wastewater treatment plant (WWTP) effluent in various capacities for agriculture, aquaculture, industry, and other nonpotable applications (Ensink et al., 2004; Bixio et al., 2005) . In agricultural settings, WWTP effluent is used to irrigate vegetation and to recharge groundwater supplies (Chang et al., 2002; Kinney et al., 2006) . Pastures and lands with nonfood crops are normally the primary receiving areas for effluent irrigation; however, irrigation of agricultural lands that have food crops is on the rise.
Wastewater treatment plants are not designed to effectively remove low levels of emerging contaminants. As a result, pharmaceuticals and personal care products (PPCPs), as well as other emerging compounds, are present in WWTP effluent discharge (Watkinson et al., 2007) . Over the last two decades, PPCPs have been measured at low, but physiologically active, levels in the environment and in the effluent released into the environment (Kolpin et al., 2002; Kim et al., 2007; Loper et al., 2007) . Understanding the fate of these compounds in the environment is critical, especially in systems where WWTP effluent is used for irrigation of agricultural lands with food crops.
Application of WWTP effluent on agricultural lands can lower quantities of PPCPs reaching surface waters compared with direct discharge into waterways (Yong et al., 2013) . In addition to sorption and degradation processes in the soil that may help to reduce PPCPs, uptake of these compounds by plants can lower the potential for groundwater contamination that would occur throughout infiltration basins (Kuroda et al., 2012) . Several studies have reported that metabolism of certain chemical compounds, including some PPCPs, may occur once the plant has taken the compound up from the soil solution (Wu et al., 2010; Dordio et al., 2011) . Depending on the degree of metabolism and biotransformation, plant uptake could allow for complete removal of an active compound from the system. However, if those plants that take up PPCPs do not degrade the compound to an inactive form and are subsequently used as food sources, humans and animals could be exposed to low levels of biologically active PPCP compounds with unknown consequences (Daughton, 2004) . The impacts of low-level exposure to a single PPCP compound or even to a mixture of these compounds in WWTP effluent are not fully known (Kumar et al., 2012) . Concentrations of these compounds are typically in the ng L −1 to mg L −1 range, which is well below thresholds known to cause overt toxicity in the mg L −1 to g L −1 range (Snyder et al., 2008) . Few mixture analyses have been performed to understand the possible toxicological impacts of combinations of PPCPs (Kumar et al., 2012) . Another confounding factor in analyzing risk is the impact of multiple exposures to low-level chemical stressors over generations of living organisms, simultaneously or sequentially (Daughton, 2004) .
Various studies have been performed to analyze the uptake of PPCPs and veterinary medicines in agricultural plants, specifically those used as food sources (Kumar et al., 2005; Boxall et al., 2006; Dolliver et al., 2007; Kong et al., 2007; Redshaw et al., 2008; Herklotz et al., 2010; Wu et al., 2010; Shenker et al., 2011; Holling et al., 2012; Tanoue et al., 2012; Wu et al., 2012; Kang et al., 2013; Carter et al., 2014) . Each of these studies was performed in controlled environments with applications of biosolids or contaminated water in greenhouse or hydroponic settings or in the field using biosolids or water spiked with PPCPs. These studies allowed for controlled application of contaminants at different known concentrations, providing fairly comprehensive and accurate analysis of the effects on plant growth at all stages of development and mechanisms of uptake. However, these conditions do not necessarily reflect what would naturally occur in the environment.
To date, only a handful of field studies using systems that apply biosolids or wastewater effluent with known concentrations of PPCPs have been performed to analyze for plant uptake of PPCPs ( Jones-Lepp et al., 2010; Gottschall et al., 2012; Sabourin et al., 2012; Malchi et al., 2014; Prosser et al., 2014; Wu et al., 2014) . Furthermore, even though various plant species have been analyzed for uptake of PPCPs, only a few studies (Grote et al., 2007; Gottschall et al., 2012; Haiba et al., 2013) have addressed the uptake within wheat (Triticum aestivum L.) plants, which is the third largest produced cereal grain in the world (FAOSTAT, 2008) and the fourth largest agriculturally produced crop in the United States (USDA, 2013) .
The aim of this study was to analyze uptake of three human antibiotics (sulfamethoxazole [SMX], trimethoprim [TMP], and ofloxacin [OFL] ) and an antiepileptic drug (carbamazepine [CBZ]) (Table 1) in wheat plants that were spray-irrigated with WWTP effluent known to contain low levels of these compounds. These four compounds are commonly found in WWTP effluent and natural waterways at concentrations ranging from ng L −1 to mg L −1 (Kolpin et al., 2002; Kim et al., 2007; Loper et al., 2007; Watkinson et al., 2007) . Chronic exposure to each of these compounds has the potential for ecotoxicological effects above estimated threshold concentrations of 0.5 mg L −1 for CBZ and OFL, 0.59 mg L −1 for SMX, and 240 mg L −1 for TMP (Ferrari et al., 2004; Straub, 2013) . Furthermore, antibiotics released into the environment are now considered a global health risk due to increases in antibiotic resistance in human and animal populations, including the emergence of multidrug-resistant bacteria, which lead to antibiotic treatment failure (Kümmerer, 2003; World Health Organization, 2012) . Although environmental concentrations of antibiotics are extremely low, concentrations that are several hundred-fold below minimum inhibitory concentrations have been shown to select for antibiotic-resistant bacteria (Gullberg et al., 2011; Liu et al., 2011) . Consequently, just as concern exists for exposure through water, if mixtures of these four compounds and other PPCPs are being taken up into plants, the consequences of exposure to chemical mixtures through food supplies are unknown and cause for additional concern.
Materials and Methods
Chemicals
Carbamazepine (>98%), SMX (99.9%), TMP (>99%), and OFL (99%) were purchased from Sigma-Aldrich for analytical standards. Chlorpropamide (≥97.0%) (Sigma-Aldrich) was used as an internal standard during quantification of antibiotic residues in effluent. Methanol, acetonitrile, and methyl tert-butyl ether (MTBE) were purchased from Sigma-Aldrich. Formic acid, formic acid (0.1%) in water, and formic acid (0.1%) in acetonitrile were purchased from Fisher Scientific. Solvents were liquid chromatography-mass spectrometry grade (>98% purity). Nanopure water (18 MW) was used throughout the study.
Study Site
The Pennsylvania State University in University Park, PA, has a unique water reuse site called the Living Filter, where WWTP effluent is used to irrigate cropped, grassed, and forested lands year round. The University Park WWTP is permitted to treat up to four million gallons of wastewater (influent) a day. The plant has two treatment trains of activated sludge and trickling filters that treat and disinfect water (effluent). Effluent is then spray-irrigated on approximately 516 acres at the Living Filter. Irrigation allows for tertiary treatment through the soil profile while helping to recharge groundwater.
The Living Filter is split into two irrigation sites: the Gamelands site and the Astronomy site ( Fig. 1 ). Each week, approximately 5 cm of effluent is applied to these lands at 12-h intervals. The soil and underlying unconsolidated geologic material is approximately 100 ft thick above the regional water table (Parizek et al., 1967) . The soil has been mapped primarily as Hagerstown silty clay loam, a fine, mixed, semiactive, mesic Typic Hapludalf, and Hublersburg silt loam, a clayey, illitic, mesic Typic Hapludult with an approximate pH of 6.5 in cropped land. During the season when sampling occurred, the average daily temperature was 22.3°C, and average monthly rainfall was 17 cm.
The Astronomy site was the focus of this project because it has undergone extensive research over the past 20 yr. Effluentirrigated wheat sampled at this site originated from cropped areas that have been rotated between wheat, corn (Zea mays L.) silage, and sorghum-sudangrass (Sorghum bicolor × S. bicolor var. Sudanese) ( J. Loughran, personal communication, 2015) . Control samples were collected from Penn State's Russell E. Larson Agricultural Research Farm, a site that has never been treated with manure or WWTP effluent.
Sample Collection
To estimate the concentration of PPCPs in effluent sprayirrigated onto wheat plants, effluent samples (1 L) were collected in triplicate at the University Park WWTP in spring, summer, and fall to determine variation throughout the year. Because University Park is a college town, the population density is highest during the fall and spring months due to the resident student population and lowest during the summer months when most students leave the area.
Irrigation of wheat plants at the Astronomy Site was halted 6 wk before harvest. Wheat samples were collected in triplicate at the Astronomy site 3 wk before harvest (preharvest) and at harvest. Preharvest samples were collected manually from three randomly selected locations adjacent to irrigation laterals (8-10 m from spray heads). Manual sampling consisted of plant collection along a 4-m length of field (~2.6 m 2 area) using shears to cut stems approximately 5 cm above the soil surface. Straw and grain were separated using a small, stationary thresher and cleaner.
At harvest, after the combine harvested one strip of the field, grain samples were collected from the combine. Each strip of field encompassed an area that had previously been manually sampled 3 wk before harvest. Straw samples were collected in triplicate from three locations within the field from which the grain was harvested. Control wheat grain and straw samples were collected in triplicate only at the time of harvest.
All separated straw and grain from the Astronomy and control sites were brought back to the lab. Samples were air-dried to remove residual moisture. Subsets of preharvest and harvest samples were rinsed with methanol to remove chemical compounds adhering to the outer surfaces. Preliminary grinding of all straw samples was performed in a hammer mill followed by additional grinding in a separate fine-grind mill in preparation for subsequent analysis. Grain samples were finely ground in the fine-grind mill.
Sample Analysis
Effluent samples (1 L) were filtered with Whatman glass fiber filters (0.7 mm pore size). Analysis of the three antibiotics was performed separately from CBZ due to differing chemical characteristics and to provide improved recoveries. For analysis of SMX, TMP, and OFL, effluent samples were cleaned up and concentrated using an Oasis HLB-Plus (Waters Co.) solid-phase extraction (SPE) cartridge that was preconditioned with methanol (3 mL) followed by water (3 mL). After sample loading, the cartridge was rinsed with water (3 mL) and air-dried for 2 min. The cartridge was eluted twice with 50:50 methanol:acetonitrile (3 mL), and the eluent was evaporated with nitrogen (N 2 ) gas at 35°C. Samples were reconstituted in 50/50 acetonitrile/water (1 mL). For analysis of CBZ in effluent, samples were cleaned up and concentrated using an Oasis HLB (Waters Co.) SPE cartridge that was preconditioned with 5 mL of MTBE (5 mL), methanol (5 mL), and water (5 mL) followed by loading of sample. The cartridge was air-dried for 5 min, eluted twice with MTBE (2 mL), and evaporated to dryness with N 2 gas at 35°C. Samples were reconstituted in acetonitrile (1 mL) (Walker et al., 2012) .
Grain and straw samples were extracted for analysis of SMX, TMP, OFL, and CBZ simultaneously by accelerated solvent extraction (ASE-300, Dionex). Air-dried and ground wheat samples (1 g) and Ottawa 20/30 silica sand (US Silica Co.) were added to 34-mL cells until 75% full and mixed. After mixing, additional silica sand was added to fill the cell. Dionex cellulose filters (Thermo Scientific) were placed at each end of cells and sealed with high-pressure end caps. Extraction consisted of two static cycles (10 min) with 100% methanol at 80°C, 1500 psi, a final flush of 100% pore volume, and 60-s purge.
The ASE solution (~70 mL) was collected and diluted with water (2 L) so that the organic phase was <5%. The resulting diluted solution was passed through an Oasis HLB (Waters Co.) SPE cartridge preconditioned with methanol (6 mL) and water (6 mL). The cartridge was air-dried for 2 min and eluted with methanol (3 mL) followed by acetonitrile (3 mL). The solvent was evaporated to dryness using N 2 at 35°C, and samples were reconstituted in methanol (1 mL). Samples were transferred to high-performance liquid chromatography vials for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.
Sample analysis of SMX, TMP, OFL, and CBZ in wheat and CBZ in effluent were performed using a Waters Micromass Quattro Micro LC-MS/MS. Antibiotic analysis of effluent samples was performed using a Waters Xevo TQS LC-MS/MS. Injection volumes were 20 mL, with separations performed using 2.1 mm by 30 mm XTerra MS C18 columns with 2.5-mm stationary phases (Waters Co.). Operating conditions for LC runs were a mobile phase flow rate of 0.25 mL min −1 with a binary mobile phase of 0.1% formic acid in acetonitrile and 0.1% formic acid in water. Initial conditions were 5:95 acetonitrile:water, followed by isocratic flow for 1.5 min. At 1.5 min, a linear gradient from 5:95 to 90:10 acetonitrile:water was applied over 5 min, followed by 1.5 min isocratic flow at 90:10 acetonitrile:water, after which the mobile phase returned to 5:95 acetonitrile:water. Mass spectrometer settings were electrospray positive, with a desolvation temperature of 350°C. Carbamazepine, SMX, TMP, and OFL eluted at 5. 49, 5.15, 4.47, and 4.54 
Data and Statistical Analysis
Means and standard deviations were calculated for PPCP concentrations recovered by plant part. Surface concentrations were calculated by difference between methanol-rinsed plant tissues and that of unrinsed plant tissues. Student's t tests were performed to compare concentrations in plant samples from the control site with those from the effluent-irrigated site. Six-point calibration curves were used during LC-MS/MS. Standard ranges were 0 to 100 mg L −1 for wheat analysis and 0 to 10 mg L −1 for effluent analysis with dissolving solution of 50/50 acetonitrile/water. Percent recoveries for effluent samples were 100% for SMX, 85% for CBZ, 75% for TMP, and 32% for OFL; recoveries for wheat samples were 100% for CBZ, 84% for TMP, 71% for SMX, and 44% for OFL. Limit of detection (LOD) and limit of quantification (LOQ) were determined using the equations: LOD = 3(standard deviation of low standard)/(calibration curve slope) and LOQ = 10(standard deviation of low standard)/(calibration curve slope). The LOD/LOQ (ng g −1 ) values were: SMX, 0.12/0.365; TMP, 0.418/1.265; OFL, 0.600/1.81; and CBZ, 0.285/0.86. Samples that were <LOD or <LOQ were statistically analyzed as one half LOD and one half the difference of LOD and LOQ, respectively (USEPA, 2000) . Statistical analysis was performed using SAS (version 9.3, SAS Institute) and Excel (version 14.4.8, Microsoft Office for Mac 2011). For quality control, blanks and standards were randomly run as samples. On the Waters Micromass, standards were run every eight samples. In lieu of running standards frequently, chlorpropamide was used as an internal standard on the Waters Xevo TQS.
Results and Discussion

Overall Findings
Throughout the year at the Living Filter spray-irrigation site, average concentrations of the three antibiotics (SMX, TMP, and OFL) and the antiepileptic drug (CBZ) in WWTP effluent ranged over three orders of magnitude, from ng L −1 to mg L −1 (Table 2) , with antibiotic quantities typically higher than CBZ. During the spring and fall, concentrations of the PPCPs in effluent were typically higher, with maximum concentrations of 22 and 1.4 mg L −1 in spring and fall, respectively. During the summer, concentrations were lowest, ranging from 20 to 600 ng L −1 . These variations in PPCP concentrations throughout the year were most likely due to population density changes in the college town of University Park, PA. During fall and spring, the population of resident students would be highest, which correlates with higher PPCP concentrations. In the summer, most students leave campus, and concentrations of PPCPs in effluent are lower.
Examination of wheat grain and straw collected at the Living Filter site 3 wk before harvest (preharvest) ( Table 3) showed that concentrations of the four PPCPs were predominantly associated with grain or straw that did not receive a methanol rinse; that is, the majority of these compounds were found on the surface. Only SMX and CBZ were detected in methanol-rinsed grain samples and presumably were located within the grain, but concentrations were <LOQ. Carbamazepine, TMP, and OFL were detected in both rinsed and unrinsed straw; however, CBZ was <LOQ, and TMP was only quantified in unrinsed straw. Ofloxacin was quantified in both rinsed and unrinsed straw and appeared to be concentrated in the straw rather than on the surface. For samples collected at harvest, all four compounds were quantified in unrinsed grain, whereas rinsed grain only contained quantifiable concentrations of SMX, CBZ, and OFL ( Table 4 ). Concentrations of these three PPCPs in the grain were in the low ng g −1 range (0.64 ± 0.37 to 2.28 ± 0.89 ng g −1 ). For straw, only OFL was quantifiable in both the unrinsed and rinsed samples. Similar to preharvest wheat samples, OFL was concentrated to a greater extent within the straw rather than the grain, with minimal concentrations on the surface. Regarding the other three PPCPs in the straw, SMX and CBZ were detected but were <LOQ, and TMP was not detected.
Concentrations of these four PPCPs in wheat plants collected from the control site were in most cases <LOD and were significantly different (p < 0.05) from the quantifiable concentrations in grain or straw collected at the Living Filter. In control straw, OFL was detected but was <LOQ. Detection of OFL in control straw could have resulted from carryover during the grinding process or subsequent analysis on the LC-MS/MS.
Carbamazepine
Carbamazepine had an average concentration of 23 ± 0.2 ng L −1 in the WWTP effluent that was spray-irrigated at a rate of 5 cm wk −1 , which is the equivalent of 12.1 mg ha −1 applied each week. Once in the soil profile, the soil sorption of CBZ is highly dependent on the amount of organic carbon (OC) present in the system (Williams and Adamsen, 2006) . Shenker et al. (2011) reported that the uptake of CBZ in plants appears to be primarily driven by the mass flow of water to the plant. Because CBZ is moderately hydrophobic, this compound has the capability of passing through the lipid bilayers of plant membranes, yet it is still slightly water soluble and capable of traveling into cell fluids (Pilon-Smits, 2005) .
In the wheat plants collected from the Astronomy site during preharvest, the levels of CBZ were <LOQ for each plant part, except for the surface of the grain that had 2.07 ± 0.91 ng g −1 . Therefore, during the preharvest time frame, significant uptake and accumulation of CBZ did not appear to occur within the plant. For the plants collected at the time of harvest, the levels of CBZ present on the surface of the straw were <LOQ, whereas the concentrations in the straw were <LOD. In contrast, for the wheat grain, the concentrations on the surface were 2.48 ± 1.21 ng g −1 and in the grain were 1.88 ± 2.11 ng g −1 . Based on these data, uptake and accumulation of CBZ did not appear to occur in the straw at any point during plant development and only occurred in the grain during the final stages of maturity. Lack of CBZ accumulating in grain and straw during the early stages of wheat plant development could be due to metabolism (degradation or biotransformation) of the compound. Although metabolic pathways of CBZ in plants have yet to be reported, Dordio et al. (2011) discovered 10,11dihydro-10,11-epoxycarbamazepine in the leaf tissues of Typha spp. exposed to CBZ via hydroponic solutions. This CBZ metabolite correlates with one of the main metabolites formed during CBZ degradation in animals (Kerr et al., 1994; Valentine et al., 1996) and suggests that metabolism of CBZ may be occurring within the plant, which would explain the lower concentrations of CBZ found in the wheat plants, especially during the early stages of plant development. If enzymatic processes are responsible for degrading or transforming CBZ in the plant tissues, the subsequent drop in moisture content of the maturing grain during later stages of wheat development may have then resulted in lower enzymatic activities and, subsequently, less degradation of CBZ (Reddy et al., 1984) . This limited metabolic activity could account for some accumulation of the compound in the grain.
Compound ‡ Plant samples Grain surface Grain Straw surface Straw
----------------------ng g −1 ----------------------
Sulfamethoxazole
Sulfamethoxazole was present at the highest concentrations within the effluent, with average spring and summer concentrations of 22 ± 0.37 mg L −1 (22,000 ± 3700 ng L −1 ) and 580 ± 71 ng L −1 , respectively (Table 2) . Given the weekly application rate of the effluent at the Living Filter site, approximately 295 mg ha -1 of the compound would have been spray-irrigated in the summer. Sulfamethoxazole is characterized by weak interactions and sorption in soil, indicated by low sorption coefficients (K d = 0.03-0.47 L kg −1 ) (Zhang et al., 2014) . Given the soil pH in the cropped area of the Astronomy site (~6.5), the majority of SMX would be in the anionic species, with a smaller proportion remaining neutral. The anionic species would repel from soil particles and reside in the soil solution, whereas the neutral species would preferentially interact with OC.
The biochemical specifics of root uptake for sulfonamides have not been fully elucidated (Mathews and Reinhold, 2013) . Various studies have shown conflicting results of uptake, but the vast majority of studies have inferred that passive diffusion is the primary mechanism of uptake (Migliore et al., 1998; Dolliver et al., 2007; Hu et al., 2011) . However, once in the xylem of the wheat plant, with a pH of approximately 5.8 to 6.6 (Gollan et al., 1992) , SMX would be neutral and anionic, which would theoretically result in easy translocation in the xylem (Goodman, 1962) .
In the preharvested wheat samples, SMX was neither quantifiable in the grain nor detected in the straw; however, it was quantifiable on the grain surface (0.49 ± 0.44 ng g −1 ). For the harvested samples, SMX was found concentrated within the grain of the plant at an average level of 0.64 ± 0.37 ng g −1 and minimally on the surface of the grain (0.09 ± 0.08 ng g −1 ). When the straw was analyzed, the concentrations of SMX were <LOD in the plant and <LOQ on the surface. These data suggest that very little SMX accumulated in the wheat plant. The minimal accumulation that did occur in the grain in the harvest samples was most likely the result of significant influx and movement of water and nutrients into the grain during the final stages of maturation. Then, as the grain matured, excess water was removed, and, most likely, enzymatic activities decreased, allowing SMX to accumulate.
Although studies have yet to elucidate the metabolic pathways that plants use to degrade sulfonamides, plant metabolism of organic contaminants generally follows three phases that use cytochrome P450 enzymes followed by glycosylation and glutathione pathways (Sandermann, 2004) . In mammals, the primary pathway of sulfonamide metabolism is hydroxylation or acetylation, with subsequent conjugation with glucuronic acid to form glucuronides (Garcia-Galan et al., 2008) . Because plants commonly use hydroxylation during metabolism (Burken, 2003) and because N-glycosidation is another likely mechanism of plant metabolism of SMX (Pflugmacher and Sandermann, 1998) , the biotransformation of this compound in plants is likely.
Trimethoprim
Concentrations of TMP in effluent during the spring and summer were 1.0 ± 0.2 mg L −1 and 22 ± 9 ng L −1 , respectively. In the summer, an approximate mass of 11 mg TMP ha −1 would have been spray-irrigated at the Living Filter within a week. Trimethoprim typically exhibits higher sorption with soil particles than other antibiotics, such as SMX, with a high sorption coefficient (K d = 6.73-9.21 L kg −1 ) (Zhang et al., 2014) . When the pH range of a soil system is between 4 and 6, sorption of TMP is at its highest. The cropped soil at the Living Filter typically has a pH range from 5 to 7 with an average of 6.5. Therefore, TMP would be in its neutral form and would preferentially interact with OC in the soil rather than be in the soil solution.
Quantifiable uptake of TMP did not occur in wheat grain or straw collected during preharvest and harvest at the Living Filter. Within the plant parts, concentrations of TMP were <LOD for most samples, except for straw collected during preharvest, which was <LOQ. Concentrations of TMP were limited to the surface, with 1.1 ± 0.54 ng g −1 on preharvest straw and 5.15 ± 2.79 ng g −1 on grain collected at harvest, whereas concentrations were <LOD on surfaces of grain and straw collected at preharvest and harvest. Although uptake of TMP had been detected in previous studies, this uptake and accumulation was in lettuces, cabbage aerials and roots, and carrot roots (Boxall et al., 2006 , Holling et al., 2012 . Additionally, Tanoue et al. (2012) showed that TMP (and sulfonamides) tend to accumulate in the roots of pea and cucumber plants that received applications of manure and reclaimed wastewater.
Given the different plant species and various plant parts analyzed in previous studies, uptake of TMP may vary based on plant species and even on plant part. Most prior studies examined the introduction of this compound as a result of manure application, where concentrations of TMP were significantly higher than those in WWTP effluent. Furthermore, these studies were conducted in controlled settings, like greenhouses, where many environmental parameters (e.g., moisture, light intensity, soil type, pH, and temperature) were regulated. These simulated environments do not necessarily represent what may naturally occur in the environment and may have artificially influenced plant uptake.
Ofloxacin
Ofloxacin was present in WWTP effluent at concentrations of 2.2 ± 0.6 and 68 ± 1.0 ng L −1 in the spring and summer, respectively; 34 mg ha −1 OFL would have been applied on a weekly basis during the summer. Ofloxacin is known to interact strongly with soils that are high in organic matter and cation exchange capacity and to have sorption that is dependent on the pH of the system due to its inherent acid dissociation constant (Feng et al., 2014) . At the pH of the WWTP effluent (pH 7) and the soil at the Living Filter (~6.5), OFL would be in its zwitterionic state, which may cause the compound to stay in solution rather than interact with the soil profile, thereby being available for plant uptake.
Ofloxacin was the only compound to be taken up into both the grain and straw of the wheat plants and to have concentrations on the surface of most plant parts (Tables 3 and 4 ). The most significant uptake of OFL was in the straw, with concentrations of 10.09 ± 4.65 and 10.20 ± 7.05 ng g −1 in preharvest and harvest samples, respectively. Uptake into grain did not occur in preharvest samples but did occur in harvest samples, with a concentration of 2.28 ± 0.89 ng g −1 . Surface concentrations of OFL for preharvest samples varied from <LOD on grain to 3.99 ± 6.05 ng g −1 on straw, whereas harvest samples were less variable, with 1.77 ± 0.8 and 2.93 ± 1.96 ng g −1 on straw and grain surfaces, respectively. In previous studies, OFL uptake was shown to occur in most plants and the plant parts analyzed, whether it was root, leaf, or grain (Lillenberg et al., 2010; Hu et al., 2011; Haiba et al., 2013; Marsoni et al., 2014) . However, the exact mechanism of its uptake is unknown (Boxall et al., 2006) .
Wheat Exposure to Pharmaceuticals and Personal Care Products and Risk
Wheat samples collected 3 wk before harvest had quantifiable concentrations of most of the PPCPs on outer surfaces of the plant but negligible uptake into the plant. Sulfamethoxazole and CBZ were detectable but not quantifiable in grain, whereas TMP, OFL, and CBZ were detected in straw, but only OFL was quantifiable. In contrast, wheat collected at harvest had concentrations of CBZ, SMX, and OFL accumulated in the plant. Carbamazepine and SMX were found only in the grain but were not detected in the straw, whereas OFL was present in both the grain and straw and was predominantly concentrated within straw. Again, residues of each compound were found on most plant surfaces, but TMP was only detected on the plant surface, regardless of collection time.
Accumulation of these compounds in the grain collected at harvest compared with preharvest grain could be due to the developmental stage of the wheat. Directly before harvest, the grain undergoes final maturation, where mass movement of water, starches, proteins, and other compounds stored in the leaves are moved to the grain. Eventually, the grain begins to lose water content and becomes relatively inert. This final stage of development may have allowed mass movement of PPCPs into the grain, leading to accumulation. Even though spray-irrigation was halted 6 wk before harvest, these compounds may have been held in the soil profile due to interactions with soil particles. As wheat plants continued to take up water from the soil solution during final maturation, compounds interacting with soil particles may have been pulled into the plants due to mass movement of water.
Regarding human risk, the results of this study presented grain uptake of roughly 1 to 2 ng g −1 for a single PPCP compound. Based on these data and on the average daily wheat consumption of 166 g for an adult (USDA, 2014), intake of one PPCP is estimated at 166 to 332 ng d −1 , which is 10 −6 lower than a typical daily dose (400-800 mg) (US Food and Drug Administration, 2015) . In addition, during processing, grain exposed to PPCPs would most likely be mixed with grain not exposed to PPCPs, and levels of human exposure would be even lower than those calculated. Therefore, acute toxicity would not be an issue, but toxicological data for long-term exposures is currently nonexistent. Unknown cumulative effects of constant exposure to low levels of biologically active compounds and mixtures of PPCPs are still cause for concern. Data trends for concentrations of PPCPs would be useful for analyzing and understanding potential risks that these low-level compounds may pose. Knowledge of whether a particular compound in a specific location is decreasing, increasing, or fluctuating would help determine whether control measures are necessary (Daughton, 2004) .
Conclusions
These findings demonstrate that antibiotic and antiepileptic compounds can be taken up into plant tissues and adhere to plant surfaces irrigated with WWTP effluent. Based on comparisons of preharvested and harvested wheat plants, most of these compounds have the ability to accumulate in the grain during the final stages of plant development that occur before harvest. However, accumulation in the plant before the final stages of plant development appears to be compound specific and possibly affected by plant metabolism. The presence of antibiotics and other PPCPs in plant tissues and on surfaces of crops used as food sources may pose potential health risks for humans and animals, specifically regarding the development of antibiotic resistance and unknown chronic health effects.
